P late 15 (cont.) F ig u r e 16. P o rtio n of a v ertical-tran sv erse section of th e head of a fifth-stage black (phase gregaria) h o p p er passing th ro u g h th e u n strip ed eye an d th e optic lobes. The opticon is not clear in th is section, x a b o u t 19.
F ig u r e 17. P o rtio n of a v ertical-tran sv erse section of th e head of a fourth-stage green (phase solitaria) hopper, show ing a p o rtio n of th e strip ed eye a n d th e optic lobe. The cornea has se p a ra te d from th e re st of th e eye durin g sectioning, x 55.
F ig u r e 18. T ransverse section of th e strip ed eye, w ith th e om m atidia cu t longitudinally of a green (phase solitaria) first-stage hopper. Section unbleached a n d unstained. N ote the d istrib u tio n of th e reddish brow n p ig m en t w hich ap pears d a rk in th e p hotograph. T he pigmenl is ab se n t in th e d istal o n e-th ird of th e eye in th e region of th e crystalline cone, i.e. in the secondary p ig m en t cells, x a b o u t 71.
F ig u r e 19. T racing, in black a n d w hite, of figure 18, to show th e outline of th e various p a rts , especially th o se w hich, owing to tra n sp aren cy , are n o t clear in figure 18 . x a b o u t 71.
The effect of heat-d en atu ratio n on the base-binding capacity of beef-m uscle press-juice
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The hydrogen ions absorbed (AB) on heat-denaturation of dialysed and centrifuged beef press-juice is shown to vary with the pH of denaturation along a smooth curve. The values of AB are remarkably constant from sample to sample. The main features of the curve are a positive peak at pH 4*1 with troughs on either side, a plateau extending from pH 6*5 to 8*0, and the assumption of negative values of AB from pH 8-5 to 10*5. The curve differs from those of undialysed samples and globulin X preparations. The peaks and troughs bear no direct relation to the isoelectric point or the degree of aggregation. Heat-denaturation results in reduction of buffering capacity in the range pH 3*5 to 5-0, and to a new peak in the buffer curve at pH 6*0 to 7*0. Acid-denaturation at pH 3-60 has a similar but smaller effect. The evidence suggests that imidazole groups are released and terminal carboxyl groups absorbed during denaturation. There is no evidence that other amino groups are released or absorbed. These changes in buffering capacity are unlikely to be due merely to changes in physical configuration, not involving chemical bonds, since they occur whether a true coagulum is formed or not.
It is suggested that heat-or acid-denaturation result in a fission of the protein chain at labile linkages involving imidazole, sulphydryl and hydroxyl groups, followed by hydrogenbond formation between carboxyl and amino groups, to give a new configuration. It is shown that these hypothetical changes would give rise to large shifts in pH, and the apparent release or absorption of hydrogen ions (AB) in a way similar to the actual results.
The marked difference in behaviour of the undialysed samples and globulin X prepara tions, on the one hand, and the crude myogen fraction on the other, suggests a fundamental difference in structure. Bate-Smith & Bendall (1945) have shown in a previous communication th a t heatdenaturation of whole beef-muscle press-juice results in marked shifts in pH, similar to those reported for egg-albumin by other workers (Bull 1938; Pauli & Koebl 1935) . The magnitude and direction of the shift depend on the initial pH of the juice, being positive a t values below pH 6*5 and negative a t values above pH 7-0.
I t was shown th a t the shift could best be stated in terms of hydrogen ions absorbed per gram of coagulable nitrogen, and for this purpose it was necessary to measure the buffering capacity (£6/#pH) of the denatured samples. AB, the number of hydrogen ions liberated or removed, was then found to vary with the initial pH along a smooth curve, which cut the pH axis a t 6*5 to 7-0. Since com paratively large numbers of hydrogen ions were found to be liberated or removed it seemed likely th a t heat-denaturation had changed the buffering capacity of the protein component considerably, but as the buffering capacity of whole pressjuice is very high such changes could not be observed accurately in this medium. In the work which follows, therefore, the beef-juice was dialysed to remove non protein buffers and centrifuged to remove precipitated proteins, which consist mainly of the globulin X fraction (Bate-Smith 1937). The clear supernatant fluid then consists mainly of myogen, with some myoalbumin and myoglobin, the iso electric point lying in the region of pH 6*30. W ith this protein system, the effect of heat-denaturation on the buffering capacity and AB values could be more fully investigated a t varying initial pH values.
E x p e r im e n t a l
The samples of juice were prepared by expression from a m ixture of equal parts of finely minced beef and fine quartz-sand. In all cases, freshly killed English topside beef was used. The yield of juice varied from 20 to 40 % of the weight of the minced beef. The juice was placed in cellophane sacs ( | in. diameter) and dialysed against distilled w ater for 3 | days a t 0° C, w ith frequent changes of water. The contents of the sacs were then centrifuged to remove precipitated proteins, and the clear supernatant fluid decanted and stored a t 0° C. I t was found to contain less than 0-02 g. T.c.A.*-soluble nitrogen and less than 0*008 g. t .c .a .-soluble phosphorus per 100 ml. of juice. The coagulable nitrogen content of the three dialysed preparations, used below, was 0*630, 0*645 and 0*815 g./lOO ml. respec tively (average = 0*70). 20 to 25 % of the protein nitrogen is precipitated during dialysis.
For the heat-denaturation experiments, 5 ml. aliquots of the clear, dialysed juice were placed in small beakers, the pH adjusted as required with 0*05n HC1 or NaOH, and the volume made up to 10 ml. with distilled water. The beakers were then immediately placed on a boiling w ater-bath for 4 min. and the contents stirred to avoid adhesion of the coagula to the sides of the vessel. The samples were cooled to room tem perature, and the pH measured electrometrically by means of a glasselectrode. They were then back-titrated with n /1 0 0 HC1 or NaOH to the pH before denaturation, except in cases where the changes of pH were less than O l unit, when they were titrated over a range of a t least 0T5 unit.
From these data, the buffering capacity, £6/£pH, was obtained as an average value over a short but finite range and was calculated as milliequivalents of acid or base required to shift the pH by 1 unit per gram coagulable nitrogen. The numbers of hydrogen ions absorbed or released on denaturation are then given by where dpH is the change of pH on denaturation and £6/£pH is the mean buffering capacity of the heated samples over the range of dpH,
The buffering capacity of the samples before denaturation was measured in a similar way, although the range of titration of each sample was greater. Care was taken not to dilute the samples during titration by more than 25 % of the original volume.
274
J . R. Bendall 5-0 4-0 3-0 10-0 9-0 in itial p H F ig u r e 1. T he ab so rp tio n of hydrogen ions (AB) b y dialysed (------) a n d u n dialysed juice (-----) on h e a t-d e n a tu ratio n , p lo tte d ag ain st in itial p H . 
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The combined results of three separate preparations of dialysate are recorded ■in figures 1, 2 and 3. In figure 1 , AB, and in figure 2, ZlpH are plotted against the ■initial pH. Superimposed on the A B curve for the dialysed juice is a typical purve Jobtained with samples of undialysed juice, for comparison. In figure 3 the buffering ■capacities of the samples before and after heat-denaturation are plotted against [the pH a t the midpoint of the brief range titrated. 
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p H a t m id p o in t
F ig u r e 3. B uffering cap a c ity (Sb/SipH) of F ig u r e 4. Buffering c ap acity p H ) sam ples of dialysed juice before (-■ -) a n d of sam ples of dialysed juice, heat-deafter (-----) h e a t-d e n a tu ra tio n . n a tu re d a t p H 9-85 a n d 6-90 respectively, a n d titr a te d over th e p H range 10*0 to 3*0.
As the recorded buffering capacities of the samples, denatured a t various pH values, were each measured only over a very small range of pH it was thought desirable to measure the buffering capacity of samples, denatured in the alkaline, neutral and acid regions (at pH 9*60, 6*90 and 4-00, respectively) over the whole range from pH 4*00 to 10*0 a t 0*25 pH unit intervals (figure 4). The sample heated a t pH 4*0, however, gave a very sticky precipitate over the range 5*5 to 10*0, making measurements of pH inaccurate, and its values in this range are therefore not included in the figure. Titration curves for these samples are also given in figure 6. In figure 5 , the buffering capacity of a sample, allowed to stand a t pH 3-60 for 1 15 min. a t 15° C, is recorded over the range 3-6 to 7*2. The buffering-capacity curve I of a sample of native dialysed juice is superimposed.
2-0. -p H a t m id p o in t
The physical character and state of aggregation of the heated, dialysed and I undialysed samples are recorded in the accompanying table 1.
D is c u s s io n o f r e s u l t s
Variations of A B with pH before heat-denaturation 1 The number of hydrogen ions absorbed during heating (AB) is seen from figure 1 [to vary very greatly with the pH before denaturation. The most characteristic [ features of the curve of the dialysed samples are the marked positive peak a t [ pH 4*1, w ith troughs on either side; the zero plateau extending from pH 6-5 to 8-0; I and the assumption by A B of increasingly large negative values from pH 8*5 to 10*5. The negative values have not reached a maximum a t pH 10-5, since a single [experiment carried out a t pH 11*0, for instance, gave a AB value of 0*4 unit a t this point.
There is a considerable scatter of the points in the 6*5 to 8-5 region of the curve which can be attributed to experimental errors, the buffering capacity in this region being comparatively high and the A pH values very small. I t is probable th a t the curve should be drawn, as shown, with a zero plateau in this region.
The undialysed curve shows the same general features as the dialysed in the acid region, but the characteristic peak a t pH 4*10 is shifted to pH 4-6. From p H 6-0 to 10-0, however, the two curves differ more markedly, the undialysed curve showing no plateau in the 6-5 to 8*5 region but crossing the pH axis sharply a t I pH 7-0 and rapidly assuming large negative values of AB. For instance, the value I a t pH 10-0 (not shown on the curve) is of the order of -0*80 unit compared with j -0*15 unit for the dialysate. These differences may largely be attributed to the presence of globulin X in the undialysed samples. Preliminary experiments with crude and rather dilute globulin X preparations indicated th a t the AB curve in | this case exhibits a positive peak a t pH 5*10, falls rapidly to zero a t pH 7-5, and then imniediately assumes increasingly large negative values, showing no zero | plateau along the pH axis. Mere summation of these values, recalculated for a (globulin X content of about 20 % of the to ta l protein, with the myogen values would give a combined curve similar to th a t of the undialysed samples. Additional effects, due to interaction between these protein fractions, cannot, however, be i ruled out as a possibility, particularly in the alkaline region where the differences I between the dialysed and undialysed values are very large.
The physical characteristics of the heated dialysed samples, recorded in the | table, show th a t a true coagulum is formed only over a very limited range of pH. j Thus, from pH 2-5 to 5-5 no true coagulum appears. From pH 5-5 to 6-0 a sparse precipitate is formed, but a true thick and fibrous coagulum is formed only from pH 6*5 to 8-5. From pH 9-5 to 11*0 again no coagulum appears. The undialysed
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samples show similar characteristics, but the formation of a coagulum begins a t i pH 4-5 and 10-5 in the acid and alkaline ranges respectively, as against pH 5-5 I and 9-5 for the dialysate. These differences of behaviour are almost certainly due i to the presence of salts in the undialysed samples. Prehminary experiments with ! globulin X indicated th a t maximum coagulation occurred between pH 4-5 and 5-5 ,1 near the isoelectric point of 5-2, there being virtually no coagulation outside this 1 range.
Buffering capacity
The buffering-capacity curves (figures 3, 4 and 5) show marked differences in all j cases between the denatured and undenatured samples. The curve of the un-1 denatured samples (figure 3) shows a marked peak a t pH 3-75, with troughs on j either side. The values of SbjSpB. fall rapidly from pH 3-75 from 5*5 to 6*5, and then fall again to a minimum a t pH 8-25. Prom pH 8-25 to 1 10-5 the values increase again, reaching a peak beyond pH 11*0, a range outside 1 the scope of the glass-electrode. The peak in the acid range is presumably due to j the terminal carboxyl groups of glutamic and aspartic acids, and the peak beyond j pH 10-5 to the combined effects of the e-amino groups of lysine, the guanidino j group of arginine and the --OH and -SH groups of tyrosine and cysteine respec-j tively (Cohn & Edsall 1943) . The imidazole group of histidine, if free, should show \ a peak a t its pK. a t pH 6*00. There is no peak in this region but a plateau, which may indicate th a t a few of such groups are free in the native proteins.
The curves of the heat-denatured samples (figures 3 and 4) are of the same general shape, but the peak at pH 3*75 is absent, and the curve rises less abruptly from pH 5*5 to an apparent maximum a t pH 3*25, a t which point it coincides with the descending portion of the curve of the native juice. The most marked difference, however, is the peak of the denatured curve a t pH 6-0 to 7-0 (figures 3 and 4). In figure 2 the peak occurs at 6-0, but the curves of the discrete coagula (figure 4) at pH 9*85 and 6*90 show peaks a t pH 7-0 and 6-5 respectively. The origin of this new peak will be further considered in the next section. From pH 8-0 to 10-5 the curves of the denatured and native samples do not differ significantly.
The 8b/£pH curve of the sample, denatured by standing a t pH 3-60 (figure 5), shows the same characteristics as the curves of the heated samples (figures 3 and 4) __a reduced peak in the acid region and a new peak a t pH 6-0 to 6-5, which is not so well defined. As reported by Bate-Smith (1937) , the protein is precipitated on being brought into this pH range, after treatm ent with acid. The precipitate is very 'tack y ', and makes accurate measurement of pH difficult, so th at values in this region are subject to considerable errors. However, the evidence suggests th a t acid-and heat-denaturation have similar effects on the protein structure. This is corroborated by the effect of heat-denaturation, a t pH 4-60, of a sample previously acid-denaturated a t pH 3'60. Th value was reduced from 0-71 unit to 0-09 unit by this treatm ent. Prehminary experiments with a sample, denatured by standing a t pH 4*00, also showed th a t the AB curve (after subsequent heat-denaturation) was considerably modified, the values being reduced from 097 unit to 070 unit a t pH 4*10, and from -0-19 unit to 0-0 unit a t pH 10-5. In conformity with these results, it should be noted th a t no further change of pH occurs on re-heating, a t pH 6-0, a sample which had been previously heated a t pH 4-0, although aggregation into large masses occurs on re-heating.
I t should be mentioned th a t these characteristics of the buffering curves were not reproduced in the preliminary experiments with crude globulin X. Here, the peak a t pH 3-75 is reduced after heat-denaturation as with myogen, b u t the peak a t pH 6*0 is present before heat-denaturation, and vanishes almost completely in the denatured samples.
T h e o r e t ic a l c o n s id e r a t io n s
The main points which require further consideration are the observed differences in buffering capacity between the native and denatured dialysed samples, and their bearing on the AB phenomenon. The characteristics of the latter are the positive peak of the curve a t pH 4-0 with troughs on either side, the plateau between pH 7-00 and 8*00, and the assumption of increasing negative values above pH 8-5. The differences in buffering capacity (£6/$pH) are most marked in the acid range from p H 5-0 to 3*0, in which acidic groups are apparently suppressed, and in the neutral range from pH 6-0 to 7*0, where a new peak appears in the bufferingcapacity curve on heat-or acid-denaturation. These features are common to all the denatured samples and appear to be independent of the pH of denaturation (cf. figures 3, 4 and 5).
The apparent suppression of acidic groups could be due either to their actual disappearance by combination into unionized linkages, or to a shift in their pK values to the acid side. In either case it is possible to estim ate the numbers of such groups suppressed. Assume th a t the peak of the buffer curve of the native protein a t pH 3-75 represents the pK of a single species of an acidic group. The am ount of base bound during titration between the limits of pH 3-25 and 4-25 should then be equivalent to half the total number of acidic groups with pK values a t pH 3-75. Calculation of this value from a titration curve based on the experimental values of $6/£pH in figure 3 shows th a t the total acidic groups (pK 3*75) am ount to about 8-5 milliequivalents/g. Coag. N before heating and to about 5-20 milliequivalents/g. Coag. N after heating. Thus 3-30 milliequivalents of -CO OH groups have either been removed completely or the pK values of this number of groups have been shifted considerably to the acid side. Similar results are obtained from the limited data for the samples heated respectively a t pH 9-80, 6-90 and 4-00 (see figure 4) , although the samples differed markedly in physical appearance in this pH range, th a t heated a t pH, 9* 80 being flocculated, th a t heated a t pH 6*90 containing a thick fibrous coagulum and th a t heated a t pH 4-00 being in homogeneous solution. This indicates th a t the presence of a solid phase (the coagulum) does not seriously affect the titration results in the acid range.
The new peak in the £6/£pH curves of the heated samples between pH 6-0 and 7-0 could be explained either by a physical effect such as the absorption of hydrogen ions on to the surface of the solid phase which is present in this range, or by the release of a new group with a pK value between pH 6-00 and 7-00. If the effect were due merely to adsorption of hydrogen ions it would be expected th a t a similar peak would occur in the A B curve over this range, sinc adsorb on formation the same number of hydrogen ions as on titration. However, no such peak occurs, and it therefore seems unlikely th a t this explanation of the effect is correct. Moreover, the peak in the db/SpiL curves is of the same magnitude in each of the samples denatured at pH 9*80, 6-90 and 4-00 respectively, although, as we have already pointed out, the physical appearance of the solid phase was markedly different in each case.
I t seems likely, therefore, th a t the new peak a t pH 6-0 to 7-0 represents the pK value of a group released on denaturation. The only known group which is likely to occur free in the protein molecule with a pK in this region is the imidazole group of histidine, the pK value of which in free histidine is 6-00 (Cohn & Edsall 1943) , and it will be assumed tentatively th a t it is this group which is released. Calculation of the number of such groups released (with pK = 6-0) from figure 3 gives a value of about T10 milliequivalents/g. Coag. N. Similar, b u t rather smaller, values are obtained from the curves in figure 4. On acid-denaturation (figure 5) a somewhat smaller number (0-80 milliequivalent) of such groups is released.
In the more alkaline ranges (pH 8-0 to 10-5) the buffering capacity appears to be little affected by denaturation, and there is no evidence for the absorption of the term inal amino and guanidino groups of lysine and arginine, in numbers corre sponding with the observed absorption of acidic groups. However, as these groups may have pK values well above pH 11-0, it seems unlikely th a t any change in their numbers would be observed at pH 10-5 or below.
The observed changes in buffering capacity, brought about by denaturation, would clearly affect the pH of the system, and thus the A B values, considerably. From the available data it is not, however, possible to predict the effect of the absorption of acidic groups, since it is not known how they are absorbed. As Mirsky & Pauling (1936) have suggested, hydrogen bonds could be formed between the charged term inal carboxyl groups of aspartic and glutamic acids and the charged term inal amino groups of lysine, or the guanidino groups of arginine, and it is possible th a t the acidic groups are absorbed in this way. I t has been said, however, th a t there is no evidence from the buffering curves for the absorption of such groups. In any case, this type of combination would not be expected to affect the pH or AB values very greatly. On the other hand, the release of a new group w ith pK = 6*0, which is assumed to be the imidazole group of histidine, would affect the pH in a way which can be predicted from the titration curve of the group. Absorption of H + ions by such groups would begin a t about pH 7*5, reaching 50 % of the maximum a t pH 6-0 and maximum values a t pH 4-5 to 4-0. Assuming th a t 1*10 milliequivalents of groups I are released A B should be expected to reach this value a t pH 4*5 to 4-0, and then to remain constant as the pH is lowered further. In practice it is found th a t A B | reaches a maximum value of 0*97 milliequivalent of H-ions absorbed a t pH 4*10, [ and then falls off markedly as the pH is lowered. Thus although release of imidazole groups would account for the ascending portion of the A B curve from pH 7-0 to pH 4*0 reasonably well, it cannot account for the descent from pH 4-0 to 3-0. This would, however, be explained by assuming th a t acid-denaturation occurs increasingly rapidly as the pH is lowered below 4*0, itself giving rise to release of imidazole groups, and thus limiting the num ber available for release on heating. Evidence for this is obtained from the buffering curve of the sample denatured by standing a t pH 3*60 (figure 4) and by the eightfold reduction of the A B value of this sample when heated a t pH 4*60. Similar results have been reported by Bailey (1942) , who found th a t denaturation of edestin to edestan is extremely rapid below pH 4*0, b u t slows down considerably above this pH .
The negative values of AB, from pH 8*5 to 10*5, cannot be explained either by the release of imidazole groups or by the absorption of carboxylic acid groups, since the former would be unionized and the latter fully ionized in this range. On the other hand, the buffering curves do not indicate th a t any new groups w ith pK values in this region are released or absorbed. I t is, however, known th a t sulphydryl and phenolic-hydroxyl groups are released from coagulable proteins on heating (Ball et at. 1943; Mirsky 1938) , and these would behave as acids w ith p K 's a t about pH 10-25 or higher. Mirsky & Pauling (1936) have suggested th a t these groups could be bound by hydrogen bonds to carboxyl or amino groups in the . native protein. On release from such linkages they would tend to yield hydrogen ions between pH 8-25 and 12-25, 50 % of the maximum num ber of hydrogen ions appearing a t pH 10-25 and the maximum num ber a t 12-25, assuming a pK value of 10-25. To explain the results released groups of this type would need to yield 0-40 milliequivalent of H-ions a t pH 11-0, which is the observed negative A B value, and for this about 0-50 milliequivalent of such groups (pK 10-25) would be required. This is not impossible, since Bailey (1937) has found th a t myogen contains about 0-90 milliequivalent of cystine/g. Coag. N, of which a considerable proportion would be present as cysteine, and about 1-30 milliequivalents of ty ro sine. I t is interesting to note here th a t Crammer & Neuberger (1943) found by spectrophotometric titration th a t the hydroxyl groups of tyrosine in native eggalbumin are bound almost completely, b u t are released on acid, alkaline or heatdenaturation. The pK value of the released groups is about 11-6. This is consider ably higher th an pK values postulated above, b u t if all the tyrosine hydroxyl groups of myogen were bound in the native state, and released on denaturation, there would still be a sufficient num ber to account for 65 % of the observed A B value of 0-40 a t pH 11-0.
The fact th a t these changes, if they occur, do no affect the buffer curves in the alkaline range does not necessarily disprove the above suggestions, since it is possible th a t amino groups are absorbed simultaneously w ith the release of Effect o f heat-denaturation on the beef-muscle press-juice sulphydryl or hydroxyl groups, thus producing little or no effect on the buffering capacity. On the basis of these suggestions it is possible to construct a theoretical curve which resembles the actual curve in slope, although the positive values of AB, assumed to be due to release of imidazole groups, are considerably displaced to the alkaline side from pH 4-5 to 8*0. This difference may be due to a shift in the pK's of other acidic or basic groups, brought about by the absorption of some of the carboxyl groups into new linkages.
In conclusion, it must be stressed that the suggested origin of the changes in pH on heat-denaturation can only be regarded as very tentative, although the general picture of acid-or heat-denaturation taking place by means of fission of hydrogen bonds and the formation of new bonds has been suggested frequently, particularly by Mirsky & Pauling (1936) and Crammer & Neuberger (1943) . On the basis of our results, there is considerable evidence that the imidazole groups of myogen are bound in labile linkages in the native protein and are released on denaturation, and also that a number of acidic groups are suppressed during denaturation. The former change will undoubtedly affect the pH, as will the postulated release of sulphydryl and phenolic-hydroxyl groups. The latter can be measured by wellestablished techniques, but these measurements were not undertaken as it was felt that the myogen fraction was too heterogeneous to warrant further work. Instead the whole phenomenon is at present being reinvestigated with crystalline egg-albumin, the analysis of which is already well known.
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